The direct quenching process is an energy-and resource-efficient process for making high-strength structural steels with good toughness, weldability, and bendability. This paper presents the results of an investigation into the effect of molybdenum and niobium on the microstructures and mechanical properties of laboratory rolled and direct-quenched 11 mm thick steel plates containing 0.16 wt.% C. Three of the studied compositions were niobium-free, having molybdenum contents of 0 wt.%, 0.25 wt.%, and 0.5 wt.%. In addition, a composition containing 0.25 wt.% molybdenum and 0.04 wt.% niobium was studied. Prior to direct quenching, finish rolling temperatures (FRTs) of about 800 • C and 900 • C were used to obtain different levels of austenite pancaking. The final direct-quenched microstructures were martensitic and yield strengths varied in the range of 766-1119 MPa. Mo and Nb additions led to a refined martensitic microstructure that resulted in a good combination of strength and toughness. Furthermore, Mo and Nb alloying significantly reduced the amount of strain-induced ferrite in the microstructure at lower FRTs (800 • C). The steel with 0.5 wt.% Mo exhibited a high yield strength of 1119 MPa combined with very low 28 J transition temperature of −95 • C in the as-quenched condition. Improved mechanical properties of Mo and Mo-Nb steels can be attributed to the improved boron protection. Also, the crystallographic texture of the investigated steels showed that Nb and Nb-Mo alloying increased the amount of {112}<131> and {554}<225> texture components. The 0Mo steel also contained the texture components of {110}<110> and {011}<100>, which can be considered to be detrimental for impact toughness properties.
Introduction
Thermomechanically controlled processing (TMCP) combined with direct quenching (DQ) is a novel and effective processing route to produce ultrahigh-strength, high-performance steels [1] [2] [3] . Energy efficiency has become a critical issue in recent times as a result of environmental reasons; hence, the need for making lighter and more energy-efficient structures with high-strength steels has become increasingly important. Quenching directly after hot rolling is an interesting energy-efficient alternative to the conventional processing route, as the re-heating prior to quenching can be omitted.
Conventional offline re-heating and quenching (RQ) has been a well-established process to produce high-strength steel plates for quite some time. The use of microalloying in high-strength steels has become more common because of the possibility to further improve the steel properties. Metallurgically, it is well established that the use of Nb in thermomechanical processing is highly effective as it retards the static recrystallization (SRX) of austenite at high temperatures [4] . It is also known that while Mo alone does not have a very significant impact on recrystallization behaviour, Mo combined with Nb leads to a synergistic increase in the retardation of recrystallization process [5] . Mo reduces the activity of C and N, which retards the amount of Nb precipitation, thus leading to more solute Nb retarding SRX [6] . However, as direct-quenching is a relatively new process industrially, the metallurgical effects of Mo and Nb alloying on direct-quenched steels are not completely understood or established. The purpose of this study was to examine the effects of Mo and Nb additions on the mechanical properties and microstructures of thermomechanically processed, direct-quenched, high-strength low carbon steels.
Materials and Methods
The materials used in the present investigation were low carbon (~0.16 wt.%) steels with constant levels of manganese (1.1 wt.%), chromium (0.5 wt.%), and nickel (0.5 wt.%) alloying. Boron contents were also kept constant at~15 ppm. The compositions studied covered three molybdenum levels without Nb, that is, 0 wt.%, 0.25 wt.%, and 0.5 wt.% Mo. A fourth composition bearing 0.25 wt.% Mo was also alloyed with 0.04 wt.% Nb. Each steel was named after the contents of Mo and Nb, as shown in Table 1 . The chosen compositions were vacuum cast into approximately 70 kg slabs at the Tornio Research Centre of Outokumpu Oyj, Finland. Then, 180 mm × 80 mm × 55 mm pieces of the castings were homogenized at 1100 • C for 2 h and thermomechanically rolled into approximately 11 mm thick plates according to the rolling schedule given in Table 2 . The temperature of the samples during rolling and direct quenching was monitored by thermocouples placed in holes drilled in the edges of the samples to the mid-width at mid-length. The effective cooling rate at the centre of the plates was~40 • C/s. Two finish rolling temperatures (FRTs) of 800 and 900 • C (accuracy ± 20 • C) were used prior to quenching in a water bath. Tensile tests and Charpy-V impact tests were performed to evaluate the strength and toughness properties using specimens with their long axes parallel to the rolling direction, that is, longitudinal specimens. Tensile tests were performed at room temperature using three round-bar specimens/rolled samples with a diameter of 6 mm and parallel length of 40 mm, following the standard ISO 6892-1:2009 [7] . Charpy V-transition curves were obtained using 10 × 10 × 55 mm 3 specimens with through-thickness notches tested at various temperatures with two specimens/temperatures in the range 20 to −140 • C, following the European standard EN 10 045-1:1990 [8] .
Microstructural characterization was executed using field-emission scanning electron microscopy (Carl Zeiss AG, Oberkochen, Germany) combined with electron backscatter diffraction (FESEM-EBSD).
The linear intercept method applied to laser scanning confocal microscopy (LSCM) images from specimens etched with saturated picral in soap solution was used to determine the prior austenite grain sizes in three principal directions: the rolling direction (RD), transverse to the rolling direction (TD), and the plate normal direction (ND) at the quarter-thickness of the specimen. On the basis of these measurements, the aspect ratio (r), total reduction below the recrystallization temperature (R tot ), grain boundary surface area per unit volume (S v ), and average grain size (d) were determined using the equations shown in Table 3 [9] .
EBSD measurements and analyses were performed using the EDAX-OIM acquisition and analysis software (7.1.0, Amatek Inc., Berwyn, PA, USA). The FESEM for the EBSD measurements was operated at 15 kV using a step size of 0.15 µm. The scanned area was approximately 90 µm × 90 µm. Lath and effective grain sizes were determined as equivalent circle diameter (ECD) values with low-angle (2.5-15 • ) and high-angle boundary misorientations (15-63 • ), respectively. Minimum grain size was determined as three pixels (at least three points to be defined as grains), which corresponds to a grain diameter over 0.27 µm. The confidence index value (CI) was set to be more than 0.1, and clean-up of the data was executed using grain dilatation procedure, which will modify the orientations of points that do not belong to any grains.
X-Ray diffraction (XRD) analyses were carried out using a Rigaku SmartLab 9 kW X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) with Cu Kα radiation. Data analysis was performed using PDXL2 analysis software (PDXL 2.6.1.2, Rigaku Corporation, Tokyo, Japan) to estimate the lattice parameters, microstrains, and crystallite sizes of the investigated steels. Furthermore, dislocation densities were estimated using the Williamson-Hall method (Equation (1)) [10, 11] .
where ρ s is dislocation density calculated from strain broadening and ρ p is dislocation density calculated from particle, that is, crystallite size, see Equations (2) and (3). Furthermore, according to Williamson et al. [10, 11] :
and
where ε is microstrain, b is the burgers vector, F is an interaction factor assumed to be 1, factor k is assumed as 14.4 for body-centred cubic metals, and D is crystallite size. In the equation, n is dislocations per block face, assumed to be 1 [11] . Table 3 . Austenite grain structure parameters [9] . Table 4 shows the measured austenite grain sizes, calculated S v values, and corresponding R tot values for FRTs of 800 and 900 • C. Generally, the S v values and reduction percentages below the recrystallization temperature were higher when both Mo and Nb were present. The lower FRT of 800 • C led to higher austenite pancaking, that is, higher R tot values, although calculated S v values were generally lower, which is probably caused by grain boundary ferrite complicating the grain size calculations. Mo alloying did retard the recrystallization process without the presence of Nb, but the combination of Nb and Mo had a greater effect in delaying recrystallization. In the case of the 0.25Mo-Nb composition, the same level of austenite reduction below the recrystallization temperature was achieved with both FRTs, indicating that the no-recrystallization temperature (T NR ) of this composition is higher than 900 • C. Comparing the values of R tot with the reductions after pass three in Table 2 indicates that the T NR temperature lies close to~1030 • C in the case of 0.25Mo-Nb steel. Similarly, the T NR temperature of 0.5Mo steel seems to be about 910 • C, considering the case of FRT at 800 • C. Prior austenite grain size measurements confirmed that Mo too affected the recrystallization kinetics as expected and increased the T NR temperature. The differences in prior austenite grain structures and the influence of Mo and Nb in increasing the amount of austenite pancaking are evident from Figures 1 and 2. In addition, at the low FRT of 800 • C, a significant amount of strain-induced ferrite formed at the prior austenite grain boundaries, which can be seen as bands of white grains along the prior austenite grain boundaries. However, the presence of Mo and Nb significantly reduced the occurrence of strain-induced ferrite, although a small amount of ferrite did also form in the Mo and Nb alloyed steels (Figure 2a 
Parameter Equation
r d RD /d ND R tot 1− √ (1/r) S v 0.429 × (1/d RD ) + 0.571 × (1/d TD ) + (1/d ND ) d (d RD × d TD × d ND ) 1 / 3
Results and Discussion

Prior Austenite Grain Structure after Hot Rolling
Transformed Microstructure
On the basis of the chemical compositions of the steels, continuous cooling transformation (CCT) diagrams were constructed using JMatPro 6.0 ® software to help interpret the results of the hot rolling experiments ( Figure 3 ). This software can be used to predict CCT diagrams only for recrystallized, that is, undeformed, austenite. It can be seen that for such conditions, the addition of Mo is predicted to delay ferrite formation to lower cooling rates. As shown in Figure 3 , the predicted equilibrium A 3 temperatures for the studied compositions are in the range of 812-821 • C. On the basis of the JMatPro calculations, Nb is predicted to have no effect on the transformation behaviour. At the cooling rates that follow the actual hot rolling experiments, that is,~40-50 • C/s, microstructures should be fully martensitic with a Vickers hardness of~420 HV10. However, it is clear from Figure 2 that the low-temperature deformation with an FRT of 800 • C led to the formation of strain-induced ferrite at the prior austenite grain boundaries, either during rolling or subsequent quenching even, to some extent, in the 0.5% Mo composition. Such a deformation in the vicinity of A 3 temperature, therefore, leads to accelerated ferrite formation compared with the predictions of Figure 3 .
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Mechanical Properties after Hot Rolling and Direct Quenching
The tensile properties of the investigated steels in the as-quenched condition are presented in Table 5 . The FRT of 900 °C resulted in a yield stress (Rp0.2, i.e., 0.2% offset proof stress) in the range of 950-1119 MPa and total elongation to fracture values in the narrow range of 8.6%-10.7%. With the FRT of 900 °C, the 0Mo steel showed rather low yield and tensile strengths, but an addition of 0.25 wt.% Mo enhanced the strength by more than 100 MPa ( Table 5 ). The influence of ferrite can be discerned by comparing the results obtained at the FRT of 800 °C (Table 6) . Strength values dropped in the case of steels with 0 wt.%-0.25 wt.% Mo, where significant amounts of ferrite formed at the 
The tensile properties of the investigated steels in the as-quenched condition are presented in Table 5 . The FRT of 900 • C resulted in a yield stress (R p0.2 , i.e., 0.2% offset proof stress) in the range of 950-1119 MPa and total elongation to fracture values in the narrow range of 8.6%-10.7%. With the FRT of 900 • C, the 0Mo steel showed rather low yield and tensile strengths, but an addition of 0.25 wt.% Mo enhanced the strength by more than 100 MPa (Table 5 ). The influence of ferrite can be discerned by comparing the results obtained at the FRT of 800 • C (Table 6) . Strength values dropped in the case of steels with 0 wt.%-0.25 wt.% Mo, where significant amounts of ferrite formed at the lower FRT. In the case of the 0.5Mo and 0.25Mo-Nb steels, however, nearly identical yield and tensile strengths were achieved at both FRTs, which indicates that the presence of the very small amounts of strain-induced ferrite (corresponding to 800 • C FRT) had practically no appreciable effect on the yield and tensile strengths. In the case of the two leanest compositions, the presence of larger fractions of strain-induced ferrite seemed to have a negative effect on ductility, thus reducing the total elongations to fracture (A) in comparison with the values obtained at higher FRTs (without ferrite), presumably because of strain concentration and fracture in the softer phase. A corresponding effect is observed in the R m × A values shown in Table 5 . Table 5 . Tensile properties and hardness of the investigated steels in the as-quenched condition. (0.2% offset proof stress, tensile strength, plastic component of the uniform elongation, and total elongation to fracture with a gauge length of 5× the specimen diameter).
Transition curves were constructed based on the Charpy-V impact test results obtained in the temperature range +20 to −140 °C, see Figure 8 . It can be seen that additions of Mo and Nb significantly improved the impact toughness, even though both the yield and tensile strengths were higher compared with those of the unalloyed 0Mo steel. 
Correlation between Mechanical Properties and Microstructural Features
Crystallite sizes, microstrains, and dislocation densities measured using XRD are presented in Table 6 for the materials rolled with the FRT of 900 • C. According to the XRD measurements of the studied steels in the quenched conditions, crystallite sizes and microstrains were almost equal, producing dislocation densities varying in the narrow range 3.52-4.04 × 10 15 m −2 . On the basis of earlier studies, it has been reported that dislocation density of lath martensite can be between 1 × 10 15 m −2 and 1 × 10 16 m −2 [14, 15] . Also, Saastamoinen [16] et al. have reported similar dislocation densities for martensitic steels with corresponding carbon levels to those in the present study. Slight differences can be noticed when comparing the dislocation densities of the direct-quenched samples, but no statistically acceptable conclusions can be made. Table 6 . Crystallite sizes, microstrains, and dislocation densities of investigated steels, FRT 900 • C.
Material
Crystallite Figure 10 presents the transformation texture of the investigated steels measured by using X-ray diffraction. In the case of the Nb and Nb-Mo alloyed steels, stronger {112}<131> and {554}<225> components were discovered as a result of martensitic ferrite formation from unrecrystallized pancaked austenite. The 0Mo steel showed clear {110}<110> and {011}<100> components, but exhibited only weak {112}<131> and {554}<225> components, see Figure 10a . In previous studies, it has been noticed that {110}<110> texture components can enhance the propagation of cleavage fracture and thus decrease low-temperature toughness [17] .
diffraction The better properties of Mo alloyed steels can also be a result of boron protection. It is commonly known that soluble boron increases the hardenability by segregating at the prior austenite grain boundaries and thereby reducing the tendency to the formation of grain boundary ferrite [9, 10] . In the present study, the addition of Mo and Mo-Nb efficiently reduced the amount of grain boundary ferrite, which can be the result of the segregation of Mo and Nb at the austenite grain boundaries, and at the same time, preventing formation of boron-containing precipitates. The formation of such The better properties of Mo alloyed steels can also be a result of boron protection. It is commonly known that soluble boron increases the hardenability by segregating at the prior austenite grain boundaries and thereby reducing the tendency to the formation of grain boundary ferrite [9, 10] . In the present study, the addition of Mo and Mo-Nb efficiently reduced the amount of grain boundary ferrite, which can be the result of the segregation of Mo and Nb at the austenite grain boundaries, and at the same time, preventing formation of boron-containing precipitates. The formation of such precipitates at grain boundaries can provide nucleation sites for ferrite, thereby reducing the hardenability and resulting in lower strength and hardness. Further, the precipitates can deteriorate the impact toughness by acting as nucleation sites for fracture [18, 19] . Table 7 presents the calculated hardness values using JMatPro ® software of 0Mo steel with and without boron alloying to see the effect of boron on the hardenability of this steel. The boron alloying is predicted to increase the hardness by 50 HV, which corresponds to an approximately 150 MPa increase in tensile strength. When comparing the tensile strengths of 0Mo and 0.25Mo steels with FRT of 900 • C to exclude the effect of grain boundary ferrite, the difference between tensile strength values was 126 MPa, which is relatively close to predicted difference based on JMatPro calculations ( Table 7) . The higher than predicted tensile strengths of the hot-rolled and direct-quenched steels when compared with the predictions of JMatPro can be explained by the finer martensitic microstructure achieved with austenite pancaking during controlled deformation and rapid direct quenching. steels analyzed with scanning electron microscope (SEM). In the case of 0Mo steel, the fracture type was mainly transgranular fracture, also showing some indications of quasi-cleavage fracture (Figure 11c ). However, in the case of 0.25Mo steel, the fracture type was more quasi-cleavage showing more areas with features of ductile fracture, such as tear ridges and dimpled rupture fracture (Figure 11d ). No features of intergranular fracture were detected in the case of both steels, indicating that boron was not deteriorating the grain boundary toughness by precipitating at prior austenite grain boundaries. It can be concluded that for 0Mo steel, crack propagation through the specific crystallographic planes is easier than for 0.25Mo steel, which can be attributed to differences in texture components, shown in Figure 10 . 
Summary and Conclusions
The effect of molybdenum and niobium on the microstructures and mechanical properties of laboratory control rolled and direct-quenched 11 mm thick steel plates containing 0.16 wt.% C was studied. Two finish rolling temperatures of 800 and 900 °C were used. The plates were direct quenched to room temperature following thermomechanical processing at a cooling rate of ~40-50 °C/s. On the basis of the results, the following conclusions can be drawn:
• Mo and Nb microalloying raise the no-recrystallization temperature, leading to a more pancaked austenite and higher Sv values. There is a strong synergy between Nb and Mo.
• On the basis of microstructural and SEM-EBSD analyses, microstructures were essentially martensitic when the finish rolling temperature was 900 °C. There were no significant differences in the lath sizes, mean effective grain sizes, or the 10-90th percentile effective grain sizes among the different compositions studied. Also, grain boundary misorientation distributions were identical and typical for martensite.
•
The finish rolling temperature of 800 °C led to the formation of strain-induced ferrite at the austenite grain boundaries, which deteriorated yield and tensile strengths, but the addition of Mo and Mo-Nb significantly enhanced hardenability and decreased the amount of ferrite formation, and thereby increased the strength.
For FRTs of 800 and 900 °C, Mo and Mo-Nb microalloying increased both the strength and impact toughness of the direct-quenched state.
• For the FRT of 900 °C, where the incidence of ferrite is very limited, there is a positive correlation between yield strength and transition temperature and the specific prior austenite grain boundary area Sv. However, EBSD analysis did not show any significant differences in the various martensite grain sizes (lath and effective grain size), thus indicating that a finer grain structure is not the reason for the higher strength. Nor were there significant differences in the 
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The effect of molybdenum and niobium on the microstructures and mechanical properties of laboratory control rolled and direct-quenched 11 mm thick steel plates containing 0.16 wt.% C was studied. Two finish rolling temperatures of 800 and 900 • C were used. The plates were direct quenched to room temperature following thermomechanical processing at a cooling rate of~40-50 • C/s. On the basis of the results, the following conclusions can be drawn:
• Mo and Nb microalloying raise the no-recrystallization temperature, leading to a more pancaked austenite and higher S v values. There is a strong synergy between Nb and Mo.
• On the basis of microstructural and SEM-EBSD analyses, microstructures were essentially martensitic when the finish rolling temperature was 900 • C. There were no significant differences in the lath sizes, mean effective grain sizes, or the 10-90th percentile effective grain sizes among the different compositions studied. Also, grain boundary misorientation distributions were identical and typical for martensite.
•
The finish rolling temperature of 800 • C led to the formation of strain-induced ferrite at the austenite grain boundaries, which deteriorated yield and tensile strengths, but the addition of Mo and Mo-Nb significantly enhanced hardenability and decreased the amount of ferrite formation, and thereby increased the strength.
For FRTs of 800 and 900 • C, Mo and Mo-Nb microalloying increased both the strength and impact toughness of the direct-quenched state.
For the FRT of 900 • C, where the incidence of ferrite is very limited, there is a positive correlation between yield strength and transition temperature and the specific prior austenite grain boundary area S v . However, EBSD analysis did not show any significant differences in the various martensite grain sizes (lath and effective grain size), thus indicating that a finer grain structure is not the reason for the higher strength. Nor were there significant differences in the dislocation densities of the steels.
• JMatPro calculations indicated that, for the present steel compositions, the increase in strength caused by the addition of Mo is partly explained by an additional hardenability increase caused by boron protection.
The crystallographic texture of the investigated steels with an FRT of 900 • C showed that Nb and Nb-Mo alloying increased the amount of {112}<131> and {554}<225> texture components, whereas in the absence of Mo and Nb, the texture components {110}<110> and {011}<100> appear, which are detrimental to impact transition temperature. Brittle fracture surfaces of the Charpy V-notch test samples showed that for 0Mo steel, crack propagation through the crystallographic planes was easier, which can be the result of differences in texture components.
• With the addition of Mo, and Mo-Nb microalloying and direct quenching, martensitic steel with over 1400 MPa tensile strength combined with excellent impact toughness properties was produced, which can be used for demanding structural applications.
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